A systematic kinetic investigation of the living cationic ring-opening polymerization (CROP) involving 2-ethyl-2-oxazoline, 2-methyl-2-oxazoline, and 2-phenyl-2-oxazoline employing a series of alkyl sulfonate initiators with variation of the alkyl initiating fragment (methyl, ethyl, iso-propyl) and the leaving group/counterion (tosylate, nosylate, triflate) is reported. The study reveals that the initiation and propagation reactivity increases in the order tosylate < nosylate < triflate. Slow initiation is observed for EtOTs, while EtONs is a sufficiently fast initiator even for 2-phenyl-2-oxazoline. It is thus recommended to avoid the use of alkyl tosylates, except MeOTs, as initiators for the CROP of 2-alkyl-2-oxazolines.
Introduction
The living cationic ring-opening polymerization (CROP) of 2-substituted-2-oxazolines was first described in the mid1960s by four independent research groups [1] [2] [3] [4] . The resulting poly(2-oxazoline)s, which can be regarded as pseudo-polypeptides, have received considerable attention in recent years for biomedical applications [1, 2] and as thermoresponsive materials [3] . Telechelic poly(2-oxazoline)s can be synthesized utilizing functional initiators or terminating agents [4] . As illustrated in Scheme 1, the CROP of 2-oxazolines, selecting 2-ethyl-2-oxazoline as represeantative monomer, is initiated by an electrophile that reacts with the endocyclic nitrogen atom of the oxazoline ring to form an oxazolinium cation. Propagation occurs via nucleophilic attack of the monomer on the oxazolinium species, resulting in ring-opening and the formation of an amide by isomerization. Typical initiators are alkyl or benzyl halides including chlorides, [5] bromides [5] and iodides [6] or alkyl sulfonates such as p-toluenesulfonates (tosylates), [7] p-nitrobenzenesulfonates (nosylates) [8] and trifluoromethanesulfonates (triflates) [9] .
To obtain well-defined polymers with narrow molar mass distributions and to gain good control over the polymerization, initiation should be quantitative and fast with respect to propagation (initiation rate coefficient, k i >> propagation rate coefficient, k p ). These requirements can be fulfilled using a simple electrophilic initiator such as methyl tosylate. When employing a functional initiator, which opens the path to more complex macromolecular architectures, however, this task becomes more challenging. For example, slow initiation has been reported for dodecyl and oleyl tosylate, [10, 11] 2-(ptoluenesulfonato)ethyl methacrylate [12] as well as tosylated poly(dimethylsiloxane-comethylhydrosiloxane) macro-initiators [13] . This issue of slow initiation could be partially resolved by the use of the respective nosylates [11, 12] or triflates [10, 14] . The importance of careful selection of the alkyl group was clearly demonstrated by the comparison of butynyl and propargyl tosylate where only the latter one exhibited a sufficiently fast initiation [15] . Despite the aforementioned experimental studies there is still a lack of a systematic investigation of initiators for the CROP of 2-oxazolines with variation of both the alkyl group and the sulfonate leaving group, acting as counterion during the polymerization.
Nonetheless, based on three independent reports on using sulfonate esters of pentaerythritol for the preparation of star-shaped poly(2-oxazolines) [16] [17] [18] it may be suggested that nosylates and triflates are better initiators than tosylates.
Scheme 1
Left: Schematic representation of the mechanism of the CROP of -2-oxazolines initiated by alkyl sulfonates; 2-ethyl-2-oxazoline is selected as representative monomer. The chemical structures of the investigated initiators are shown on the right.
In this work, a systematic kinetic investigation of the CROP of 2-ethyl-2-oxazoline (EtOx), 2-methyl-2-oxazoline (MeOx) and 2-phenyl-2-oxazoline (PhOx) is presented employing a series of alkyl sulfonate initiators with variation of the alkyl initiating fragment (methyl, ethyl, iso-propyl) and the leaving group/counterion (tosylate, nosylate, triflate). Alkyl sulfonates are chosen because it was previously
shown that with such initiators the CROP proceeds exclusively via the cationic species shown in Scheme 1. A mixture of covalent and ionic species is thus avoided and, therefore, we favor these initiators over halide initiators that often lead to combined cationic and covalent propagating species [5, 19] . The propagation rate coefficients are calculated from the linear first-order kinetic plots in case of fast initiation while possible slow initiators are identified based on non-linear first order kinetic plots for which regression analysis was used to determine initiation and propagation rate coefficients.
Experimental Section
Materials and Instrumentation Acetonitrile (Aldrich) was dried in a solvent purification system (J. C.
Meyer) before use as a polymerization solvent. 2-ethyl-2-oxazoline (EtOx), 2-methyl-2-oxazoline (MeOx) and 2-phenyl-2-oxazoline (PhOx, Aldrich) were distilled over barium oxide and stored under argon.
Methyl tosylate, ethyl tosylate, methyl triflate and ethyl triflate (Aldrich) were distilled and stored under argon. Methyl nosylate, [20] ethyl nosylate, [21] and iso-propyl nosylate [22] were synthesized according to literature procedures, recrystallized twice from ethanol, dried under high vacuum and stored under argon.
All other chemicals were used as received.
All polymerizations were performed in capped vials in a microwave reactor (Biotage) equipped with an infrared (IR) temperature sensor. 
Results and Discussion

Kinetic investigation of the CROP of 2-ethyl-2-oxazoline (EtOx)
As indicated in previous work, very fast CROPs of various 2-oxazolines, including EtOx, can be achieved by microwave assisted polymerization in acetonitrile at a relatively high temperature of 140°C [23, 24] . In the present contribution, the CROP of EtOx with various alkyl sulfonate initiators is investigated using the previously optimized conditions, yet at a lower temperature of 80°C. This transition is made, as a lower temperature is often more suitable for initiators bearing thermally less stable functional groups and slow initiation becomes more clearly visible when the polymerization is conducted at such temperatures. Based on the reaction mechanism shown in Scheme 1, the monomer and initiator disappearance rate are respectively given by:
(1)
where [I] and [M] are the concentration of initiator and monomer at a time t. Under the assumption that k p1 equals k pn Equation (1) can be simplified into [7] : (3) gives following simple analytical expression:
Hence, for (quasi-)instantaneous initiation, the polymerization can be assumed to be first-order with respect to monomer and it suffices to determine a single kinetic parameter, i.e. k p , to describe the conversion profile. On the other hand in case the initiation step cannot be kinetically ignored, the conversion profile has to be described by Equations (2) Corresponding number average molar mass (M n ) against conversion plot, including the dispersities (Đ) (bottom); corresponding estimates are listed in Table 1 . Figure 2 only reveal a linear increase for the polymerizations initiated by EtONs and EtOTf. The propagation rate coefficients calculated from the slopes of the linear fits (Table 1 ) are in perfect agreement with those obtained from the respective methyl initiators, which is to be expected as the propagation reactivity is only governed by the counterion and is not affected by the alkyl group, which is located on the opposite end of the polymer chain, i.e. far away from the reactive center (Scheme 1).
Figure 2 Kinetic plots for the CROP of EtOx (4M) initiated by EtOTs, EtONs and EtOTf at 80°C in acetonitrile (top). The lines for EtOTf and EtONs represent linear fits (Equation (4); fast initiation). The line for EtOTs is obtained by regression analysis with Equation (2) and (3)
. Corresponding number average molar mass (M n ) against conversion plot, including the dispersity (Đ) (bottom). Corresponding estimates are listed in Table 1 .
In contrast to EtONs and EtOTf, the polymerization initiated with EtOTs does not follow first-order kinetics. Inspection of the plot in Figure 2 shows a non-linear increase of the conversion with time. The observed change of ln([M] 0 /[M] t ) with time can be explained by a relatively slow initiation reaction resulting in a slow build-up of the concentration of propagating species. This is also confirmed by regression analysis based on Equation (2) and (3), using the k p value as determined in Table 1 Figure 2 .
The slow initiation with EtOTs is also confirmed by the M n and dispersity against conversion plots ( should be noted that for secondary alkyl groups, triflates might appeal as an alternative, however, the use of iso-propyl triflate as initiator could not be investigated because it rapidly decomposes at room temperature [29] .
Figure 4
Kinetic plot for the polymerization of EtOx (4M) initiated by iPrONs at 80°C in acetonitrile (top); using the k p as obtained with MeOTs as initiator in Table 1 and Equation (2) and (3), k i is estimated to be (1,99 ± 0,51) 10 -4 L mol -1 s -1 , confirming the slow initiation and the failing of Equation (4). MALDI-TOF mass spectra of poly(2-ethyl-oxazoline)s (bottom) using MeONs (top), EtONs (middle) and iPrONs (bottom) as initiators. The main distributions can be assigned to the sodium adducts [M+Na] + of the depicted structures. The inset shows an expanded view of the highlighted m/z region.
In addition, to ensure that the polymers indeed carry the alkyl group of the nosylate initiators, intermediate samples of the polymerizations initiated by the three different selected nosylates were quenched by addition of water and analyzed by MALDI-TOF MS (Figure 4 bottom) . For all three polymers one major distribution is observed that bears the respective alkyl group as initiating fragment. In addition, the mass spectrum of the PEtOx initiated by iPrONs exhibits a much broader distribution compared to the MeONs and EtONs initiated polymers, which further demonstrates the slow initiation reaction with iPrONs.
Influence of monomer structure: CROP of 2-methyl-2-oxazoline (MeOx) and 2-phenyl-2-oxazoline (PhOx)
To investigate the influence of the substituent in 2-position of the monomer, polymerization kinetics were also investigated with a more nucleophilic/reactive monomer, namely 2-methyl-2-oxazoline (MeOx), as well as with 2-phenyl-2-oxazoline (PhOx), which can be seen as an example for a less nucleophilic/reactive monomer. For these additional experiments only the initiators with ethyl as the alkylating group were selected because they exhibit the most important difference in the CROP of EtOx.
In particular, it is important to investigate if EtOTs which revealed a relatively slow initiation reaction with EtOx reacts sufficiently fast with the more nucleophilic monomer MeOx. is caused by a relatively slow initiation reaction, albeit this slow initiation is less pronounced compared to EtOx. Regression analysis was not performed in this case because k p and k i f are both unknown and only a limited set of data were available to obtain the simultaneous estimation of both rate coefficients For the CROP of PhOx, the resulting kinetic plots are given in Figure 6 . It has been previously reported that PhOx undergoes a relatively slow initiation reaction with MeOTs [30] 
Conclusions
A systematic kinetic study of the CROP of EtOx, MeOx and PhOx at 80°C in acetonitrile with different initiators with varying alkyl and leaving group/counterion revealed that the propagation reactivity increases in the order OTs < ONs < OTf. More important, the initiation reactivity increases in the same order and it is found that EtONs is a sufficiently fast initiator even for PhOx, while EtOTs shows slow initiation, resulting in less control over the polymerization. We thus recommend avoiding the use of alkyl tosylates, except MeOTs, as initiators for the CROP of 2-alkyl-2-oxazolines. Generally, triflates are the best initiators. However, the more stable and usually crystalline nosylates should be considered as a suitable alternative as the synthesis, purification and stability of triflates is often problematic, although examples of functional triflate initiators have been reported. In addition, slow initiation was observed with iPrONs, demonstrating the limitations of nosylate initiators with secondary alkyl initiating fragments.
